T-box genes encode transcription factors that regulate a variety of developmental processes. In this report, we describe the cloning and expression analysis of the novel mouse T-box gene Tbx18. During development expression is most prominent in the proepicardial organ and in the epicardium of the heart. Other sites of expression include the cranial paraxial mesoderm, the presomitic mesoderm, the anterior somite half, the genital ridge, and the developing limb buds. q
Results
T-box (Tbx) genes encode transcription factors characterized by a highly related DNA binding region termed T-box (Kispert and Herrmann, 1993; Kispert, 1995) . Experimental and genetic data from different vertebrates including man argue for a key role of Tbx genes in mesoderm formation, patterning and organogenesis Smith, 1999) .
In order to identify additional members of the mouse Tbx gene family we used a degenerate RT-PCR approach. One of the isolated PCR fragments encoded a novel mouse Tbox most closely related to a partial human TBX18 cDNA (Yi et al., 1999) . Library screening isolated a mouse Tbx18 cDNA which is 2761 bases in length and contains a single large open reading frame encoding a protein of 613 amino acid residues (Fig. 1A) .
Mouse Tbx18 shows complete sequence conservation within the T-box region with the putative translational product of the human TBX18 genomic locus (accession number AL035694), and 94.5% sequence identity over the entire amino acid sequence (data not shown). Within the murine T-box gene family Tbx18 is most closely related to the Tbx8/14/15 gene (Agulnik et al., 1998; Wattler et al., 1998) . Amino acid sequence conservation amounts to 92.8% within the T-box. Phylogenetic analysis clearly shows that Tbx8 and Tbx18 form a third branch in the Tbx1 subfamily of mouse T-box proteins (Fig. 1B) .
We used in situ hybridization on embryos and sections to determine the Tbx18 expression pattern (Figs. 2±4) . Expression of Tbx18 was detected from embryonic day 7.75 (E7.75) on in the segmentally organized somitic, and in the unsegmented presomitic and cranial paraxial mesoderm (Fig. 2) . Tbx18 expression is found in two stripes in the presomitic mesoderm representing the anterior half of two newly forming somites (somitomeres) (Fig. 2A±E) . In epithelialized somites Tbx18 expression is restricted to the anterior half where it becomes quickly con®ned to the sclerotomal compartment (Figs. 2E and 3B, C) . Expression of Tbx18 in cranial paraxial mesoderm (Figs. 3B±E, H and 4A) and in trunk sclerotome declines after E10.5. Expression in the presomitic mesoderm and in tail somites only vanishes after E13.5, after mesoderm formation has come to an end ( Fig. 2H±J and data not shown).
Tbx18 is very highly expressed in the developing epicardium of the heart (Figs. 2B±I and 3B,E,F). The epicardium is a single cell layer covering the myocardium of the heart, and gives rise to the smooth muscle and endothelial cells of the coronary vessels (Mikawa and Fishman, 1992; Mikawa and Gourdie, 1996) . Tbx18 expression is ®rst seen in two wings of splanchnic mesoderm caudo-lateral to the heart tube in early E8.25 embryos (Fig. 2B,C) . Within hours these wings fuse and form a continuous ring of expression in the septum transversum, a splanchnic mesoderm derived tissue caudal to the heart (Fig. 2D) . A group of grape-like cells in the septum transversum, called proepicardial organ strongly expresses Tbx18 at E9.25 (Figs. 2E and 3B) . These cells migrate anteriorly over the heart, giving rise to the epicardium (Fig. 2F,G) . At E10.5, Tbx18 expression is found in the epicardium, in the mesothelial lining of the Tbx18 cDNA. The sequence of the Tbx18 cDNA comprises 2761 nucleotides including a polyA stretch of 12 adenines at the 3 H -end. The ATG at position 352 represents the putative start codon. A polyadenylation signal at position 2723 is underlined. Positions in the nucleotide and the amino acid sequence are given by numbers. The T-box region is underlined. The Tbox-region is preceded by a region of 153 amino acids enriched in alanine residues, and followed by a serine/threonine rich region. (B) Phylogeny of mouse Tbx proteins. Tbx18 and Tbx8 form a branch in the Tbx1 subfamily of Tbx proteins. T-domains of mouse Tbx proteins were aligned with the Clustal program. The phylogenetic tree was drawn by the MegAlign program of Lasergene Navigator. T-box sequences were retrieved from public databases. Tbx18 expression is found in two stripes in the presomitic mesoderm (*), in the anterior somite halves, in the paraxial cranial mesoderm, and in two wings of the splanchnic mesoderm posterior and lateral to the heart tube (arrowheads). (D) E8.25 (6 somites). The two wings have fused and form a continuous half ring of expression posterior to the heart (arrowheads). Tbx18 expression in the paraxial mesoderm (arrows) and in the two presomitic stripes (*) is marked. (E) E9.25, Tbx18 expression continues in the anterior somite halves and in the cranial paraxial mesoderm (arrows). Somite borders are indicated by bars. Two stripes in the presomitic paraxial mesoderm are marked (*). Very strong expression in the proepicardial organ and two connecting wings in the splanchnic mesoderm of the septum transversum (arrowhead). Weak expression in the emerging forelimb bud and genital ridge. (F) Higher magni®cation of the heart region of an E9.5 embryo. Cells from the proepicardial organ (arrowhead) have started to migrate over the posterior heart myocardium to form the epicardium (arrows). (G) By E9.75, the entire epicardium expresses Tbx18 (arrows). The proepicardial organ (arrowhead) continues to express high levels of Tbx18. (H) E10.5, Tbx18 expression in limb buds, paraxial mesoderm (arrows), mesothelium (arrowhead) and genital ridge. (I) E11.5, Tbx18 expression is now detected in the mesenchyme surrounding the maxillar-mandibular cleft. (J) E12.5, new Tbx18 expression site in the primordia of the vibrissae. al, allantois;¯, forelimb bud; gr, genital ridge; h, heart; hf, head folds; hl, hindlimb bud; ma, mandibular arch; mc, mandibular/maxillar cleft region; ps, primitive streak; vi, vibrissae.
pericardio-peritoneal canals and the proepicardial organ (Figs. 2H and 3E and data not shown). At E12.5, the proepicardial organ has disappeared and expression is con®ned to the epicardium (Fig. 3F) .
Tbx18 transcripts were also detected at a number of other sites in the embryo. Between E9.25 and 10.5, Tbx18 expression is found in the genital ridge (Figs. 3E,H and 4D ). At E11.5 and 12.5, Tbx18 expression was detected in the mesenchyme surrounding the cleft between mandible and maxilla (Figs. 2I,J and 3G). At E12.5, Tbx18 is also expressed in the dermal sheath of the primordia of the vibrissae (Fig. 2J) .
Tbx18 is strongly expressed in limb development. At E9.25, expression starts in the anterior-proximal region within the fore limb bud mesenchyme (Figs. 2E and 4A) . At E10.5 and 11.5, an additional weaker expression domain is present in the posterior-distal region (Fig. 4B,C) . At E12.5, Tbx18 expression is largely excluded from the (arrows) covering the ventricular and atrial myocardium at E10.5, (F) and in the epicardium of the right atrium at E12.5 (G) Mesenchyme surrounding the cleft between maxilla and mandible expresses Tbx18. a, atrium; ao, aorta; dm, dermomyotome; h, heart; ma, mandible; mx, maxilla; nt, neural tube; pc, pericardium; pe, proepicardial organ; ra, right atrium; rv, right ventricle; sc, sclerotome; v, ventricle. precartilagenous condensations but present in the surrounding mesenchyme (Fig. 4D) . The hindlimb pattern follows that of the forelimb bud with a delay of 1 day (data not shown).
Materials and methods

Isolation and characterization of Tbx18
Polymerase chain reaction was employed to amplify Tbox sequences from mouse E12.5 embryo cDNA. Degenerate oligonucleotide primers 5 H -ATGATCATCACAAAG-GACGGCCGA(AC)G(AGCT)AT(AGCT)TT(CT)CC and 5 H -TTGGGTGATCTTCTCGTTCTG(AG)TA(AGCT)G-C(AGCT)G(AGCT)AC directed against conserved regions of the T-box (MIITKDGRRMFP and VTAYQNEKITQLK) were designed according to the CODEHOP strategy (Rose et al., 1998) . A Tbx18 PCR fragment was subsequently used to screen an E8.5 mouse embryo l-phage cDNA library (Fahrner et al., 1987) . Three phage clones were isolated and cDNA inserts subcloned. The longest cDNA was completely sequenced. T-box proteins were aligned and the phylogenetic tree generated using the Clustal method in the MegAlign program of the Lasergene Navigator software package (DNAStar). The full-length sequence of mouse Tbx18 was deposited in the GenBank data base under the accession number AF306666.
Expression analysis
Whole-mount in situ hybridization using a digoxigenin labeled riboprobe transcribed from a 2 kb Tbx18 cDNA was performed as described (Parr et al., 1993; Knecht et al., 1995) . In situ hybridization on sections and documentation followed the protocol by Lescher et al. (1998) .
